The adsorption behaviour of N20 on the Si(001)2 × ! surface at 300 K substrate temperature has been investigated by measuring in situ the surface conductance during the reaction process. For comparison we monitored in the same way the adsorption of 0 2 on the same surface which ultimately leads to the fiat band situation. The adsorption of atomic oxygen as released by decomposition of the N20 molecule, in contrast with molecular oxygen, was found to result in an increase of the band bending. The difference in behaviour of the change of the surface conductance between the two solid-gas reactions can be explained by considering that the adsorption of 0 2 will also remove deep-lying backbond states in addition to the dangling bond (DB) and dimer bond (DM) related surface states. It is well known that only the DB and DM surface states are affected by N20. The surface conductance measurements (SCM) presented in this paper complement our previous spectroscopic differential reflectivity measurements and Auger electron spectroscopic results for the system Si(001)2 × 1 + N20; we have found evidence that the second step of the proposed three-stage adsorption process of atomic oxygen can be divided into two substages. From our SCM data we could derive that the distance between the valence band edge and the Fermi energy of the clean Si(001)2 × 1 surface is 0.32 +_ 0.02 eV, which is in agreement with previous photoemission results.
I. Introduction
Surface states can be characterized by various methods like photoemission [1] [2] [3] , inverse photoemission [4] , Auger electron spectroscopy (AES) [5, 6] and scanning tunneling microscopy (STM) [7] . Exposing an atomically clean solid surface to a gas will usually result in changes in the density and position of its surface states. If one is interested in the adsorption kinetics, a study of the behaviour of surface states during the reaction using these experimental techniques may be less suitable. Because techniques commonly used in surface science depend on a rather strong interaction of probe and surface, processes at surfaces cannot be studied without unknown and therefore unwanted probe-induced effects. Therefore, in a typical experiment the measurement, which is to characterize the state of the surface states, is limited to a number of discrete stages. Even so, one should always be aware of probe-induced artefacts, such as dissociation of an adsorbed transient state by electrons [8, 9] . In this paper we have studied the interaction of atomic oxygen with the Si(001)2 x 1 surface at room temperature. The atomic oxygen is released by the decomposition of N20 at this surface and this reaction was found to be limited to the first-layer Si atoms [10] , as confirmed by theoretical work [11] . The kinetics of this reaction is therefore well understood when compared, for instance, with molecular oxygen [12] . An electron beam, ion gauge or UV light, is likely to decompose the N20 molecule before it reaches the surface because of a low bond dissociation energy (N2-O -1.677 eV [13] ). This may lead to a different surface reaction as evidenced by the detection of nitrogen on the surface when the ion gauge filament was left on during thc adsorption of N20 [14] . In order to monitor the kinetics of the adsorption of atomic oxygen on the Si(001)2 × 1 surface one should therefore apply an in situ '~1)39-6028/92/$05.00 ~o 1992 -Elsevier Scicnce Publishers B.V. All rights reserved method without disturbing the reaction. The simplest and oldest in situ experimental technique in gas-solid interaction studies, although hardly used anymore, is the measurement of the change in surface conductance. Surface conductance measurements (SCM) provide information about changes in the difference in density of all occupied and unoccupied surface states, independent of their energy position relative to the Fermi level [15] [16] [17] [18] [19] . Its high sensitivity and accuracy allows the detection of changes in the difference between occupied and unoccupied states down to a variation in electron density of 10 ~2 cm -2. Moreover, electrical measurements are easy to perform and show a relatively high time resolution. From previous Auger electron spectroscopy (AES) and spectroscopic differential reflectometry (SDR) measurements [10, 12] it is well known that the kinetics of the room-temperature adsorption of atomic oxygen on the Si(001)2 × 1 surface evolves in three distinguishable stages upto saturation, which occurs at about 0.85 monolayer (ML) oxygen coverage (0). It is therefore expected that these stages also manifest themselves in the electrical measurements. It is the aim of this paper to demonstrate the applicability of SCM in the study of surface reactions by comparing the rather well understood adsorption of N20 and 0 2 on the Si(001)2 × 1 surface and to analyze the kinetics of the N20 adsorption. The absolute value of the surface conductance is determined by the position of the valence band at the surface, i.e., the band bending (V~). For the clean silicon surface this value is derived from the difference in surface conductance before and after exposing the clean Si surface to molecular oxygen up to apparent saturation coverage [20] . It is generally accepted that at the apparent saturation coverage a flat band situation results [19] .
The joint property of occupied and unoccupied surface states as measured with SCM can also be measured in situ with optical techniques like SDR [10] . In contrast to SCM, SDR does not measure the difference between occupied and unoccupied states. In SDR it is the product of occupied and unoccupied states which determines the reflectivity at a specific photon energy for which optical transitions may occur between these states. Furthermore, the intensity of the optical transition depends on the optical transition matrix element. A relation between the change in the optical properties and the change in surface conductance is expected and can be derived with a simple model of the optical and electrical measurements as we will demonstrate in this paper.
E~perimental
The experiments were performed in a stainless steel UHV system equipped with a single-pass cylindrical mirror analyser for AES and an arrangement for SCM measurements as described previously [15] . The base pressure in this system was in the mid 10-~ Torr region. For the SCM measurements, four titanium contacts were sputtered on the sample through a tantalum mask followed by a heat treatment at 1100 K. With secondary electron microscopy (SEM) and scanning Auger microscopy (SAM) the optimum thickness for these contacts, d-n, was determined to be 100 nm. With d-n = 50 nm, island formation was found to occur during the heat treatment. With 200 nm thick Ti contacts, the re':'alting silicide surfaces were not as optically flat as those having a d n of 100 nm, as could be seen upon inspection by eye. Increasing the metal thickness to 1000 nm resulted in crumbling colttacts [14] . With evaporated Ti contacts of 100 nm thickness essentially the same quality of contacts was obtained [21] . A block current of + 100 gA with a frequency of 167 Hz was put on the outer pair of contacts, while the resulting potential was measured between the inner contacts of the sample. In this way nonlinear behaviour of the metalsemiconductor contact is eliminated. Use of an alternating current averages out any thermo-or photo-voltage effects resulting from a nonuniform sample temperature or illumination. The Si sampie t,~u × 8 × t)..~ mm -~) was mauc t)ut ol ~t _~)~J~p ~-cm nominally flat p-type crs,'stal (1() t~ B/cm ~) in the (001) orientations. The procedure for obtaining a clean Si(001)2 × 1 surface consisted of simultaneous ion-bombardment and annealing (SIBA) followed by annealing-only cycles as described previously [10] . Following this procedure the intensity of the carbon peak was below the detection limit of the Auger spectrometer.
Electrical and optical measurements
The effect of band bending at the surface and its influence on the surface conductance has been described in various handbooks (see, e.g., ref. [16] ). In order to make possible a comparison with SDR a short r6sum6 is given. At equilibrium the surface charge density Qss trapped in the surface states is compensated by the space charge density Q~ near the surface:
where e is the electron charge, N~a the density of acceptor surface states with energy E., and Fermi factor f~,. In an analogous way N~d is the density of donor surface states with energy E d and Fermi factor fsd. The summation includes all occupied (acceptor) and unoccupied (donor) states. Using Poisson's equation and the Fermi-Dirac distribution, the band bending (V~) as a result of the number of acceptor and donor states can be calculated for a doped semiconductor [16] . At the clean silicon surface an accumulation of holes in the space charge layer (AP) is observed [17] [18] [19] 22] and the surface conductance o" s can then be written as o'~(K) =e~p~Ae(Vs) =el~p~( ~N~* -ENs'~ ),
in which /zps is the mobility of the holes in the space charge layer. The exact magnitude of the surface mobility is a complicated problem since impurity atoms, dislocations, lattice vibrations, surface roughness and the density and occupancy of surface states may all effect/z ps. It is therefore that ~ps is replaced by the bulk mobility value/.~p which is only slightly larger. With a given surface conductance this leads to a band bending that is less than the actual value. However, Many and Goldstein [16] have shown that the deviation is small in the case the band bending is not too large. The contribution to the surface conductance by the charge carriers trapped in the surface states can be neglected. For the change in s,arface conductance upon adsorption (AG) one has in differential form:
d
In this equation, it is assumed that the surface mobility is not affected by the adsorption. The much larger change in the electron density-ofstates and the relatively small value of the band bending justify this assumption. Displayed in fig. 1 is the change in the conductance upon exposing the clean Si(001)2 x 1 surface to 0 2 (lower curve) and N20 (upper curve). The decrease in conductance upon the chemisorption of molecular oxygen can be attributed to the dominant removal of acceptor states. The shape of this curve is in agreement with early work on cleaved surfaces and wires of silicon [17] [18] [19] . Assuming a flat band situation at the apparent saturation coverage a band bending V~ = 65 meV can be derived, as depicted in fig. 2 , where the relation between the quotient of the surface and bulk conductance is shown as a function of the band bending. The figure also provides evidence that our assumption of p-type conductance in the space charge layer (accumulation layer a~ the surface) is correct. The distance between the maximum of the valence band at the surface (the band edge) and the Fermi level, (El-Ev) , can therefore be estimzted to lie at 0.32 + 0.02 eV. This value is in good agreement with SCM [17] [18] [19] and workfunction measurements on Si(ll 1) [22] . UPS measurements yield 0.35 + 0.15 eV [2] and 0.40 eV [1] for Ef-E v.
The chemisorption of atomic oxygen is, in contrast to molecular oxyen, limited to a bridge position between the first-layer silicon atoms [10] [11] [12] 23] removing all the dimer and dangling bond surface states. In fig. 3 a side view of the reconstructed clean Si(001)2 × 1 surface is shown with the various adsorption sites named. It may be appreciated that in the case of atomic oxygen not all surface states are removed, in particular those related to the backbonds. In the following discus- sion we will regard all deviations from the bulk electronic structure as orginating from surface states. The different course of the surface conductance for the reaction of O2 and N20 with clean Si(001)2 × 1 ( fig. 1 ) can be explained by a different degree of removal of the total number of surface states upon adsorption. Remarkable in fig. 1 is, however, the sign of the conductance change at saturation coverage. It can be seen that the flat band situation is not achieved by the adsorption of atomic oxygen; the band bending has even increased to 0.095 eV, as pictured in fig.  2 . A dominant removal of donor states instead of acceptor states must theretore cccur in the case of atomic oxygen adsorptiou on Si(001). Incorporation of oxygen atoms into the backbonds as observed with the chemisorption of 0 2 [6, [24] [25] [26] , on the other hand, must be interpreted with a dominant removal of acceptor states. As SCM measures the difference between the occupied and unoccupied states a creation of empty donor states cannot be ruled out. The results of our present comparitive study clearly reject the model for the chemisorption of N20 on Si(001)2 × 1 in which incorporation of oxygen atoms into the backbonds can take place (like in the case of the adsorption of 0 2) as proposed by Namiki et al. [27] . In contrast to the SCM results, optical SDR measurements do not show such a dramatic difference between the adsorption behaviour of atomic and molecular oxygen on Si(001)2 × 1 [10] . Also in the case of the Ge(001)2 × 1 surface no large difference between the optical spectra as a result of exposure towards 0 2 and N20 is observed, although the change in surface conductance was found to be twice as large for the adsorption of 0 2 , but with the same sign for the adsorption of NeO [28, 29] . The difference in the direction of the SCM kinetic curves between N20 and 02 on Si (opposite) and Ge (equal) can be explained by the different doping of the Ge (ntype) and Si (p-type) samples, which results in a different band bending at the clean surface. The discrepancy between the SDR and SCM measurements results on Si(001)2x 1 can, to our opinion, be explained by the limited energy range in which the optical spectroscopy has been performed. SDR measurements of Keim et al. [10] concerning the adsorption of N20 on Si(00!)2 × ! suggest ,.n optical transition in the low-energy region, just outside the photon energy region recorded which is not observed in the 0 2 SDR spectrum. The coverage dependence of this feature is the subject of further investigations. The immediate decrease of the surface conductance upon exposing the clean Si(001)2 x 1 surface to 0 2 also suggests that, although at low coverages the adsorption mechanisms of N20 and 0 2 are thought to be quite similar [10, 26] , molecular oxygen adsorption must at this stage lead to the incorporation of oxygen at sites not feasible to the oxygen atoms as released by N20. The most likely site is the backbond between the first-and second-layer Si atoms. A comparative UPS study of the Si(001) surface saturated by exposing it to N20 or 0 2 would be very helpful. The study should be able to indicate which of the surfacerelated features still exist after the surface is covered with oxygen and disappear as the incorporatior~ of oxygen atoms into the backbond takes place, since mainly filled acceptor states seem to be removed as observed with SCM.
In SDR the change in optical reflectivity R can be described by the dielectric three-layer model [30] . In this model the clean surface is described as a thin layer of surface states above an inert bulk. The surface states layer is removed by the adsorption of oxygen and is replaced by a thin silicon-oxygen layer which is optically transparent in the photon energy region studied (1.5-4.5 eV). Therefore the change in reflectivit3, recorded can be related only to the disappearence of the surface states of the clean surface [31, 32] 
(4)
in which v is the frequency of the light refected, d~ is the thickness of the surface states layer and e,~ and E b are the surface layer and bulk dielectric constant, respectively. Inserting the silicon bulk dielectric constant and taking into account that tb¢. imaginary part of eb is negligible in the photon energy region recorded, the derivative of the change in reflectivity can be written as:
The imaginary part of the surface dielectric constant can be written in terms of the matrix element from the acceptor to the donor state M,, d, multiplied by the joint density of states Jad(V) [33] .
1

Im[e(v)] ~ ~-/EM,,dJ(r). (6) a,d
This joint density of states gives the density of pairs of states, one occupied the other empty, separated by an energy hu [33, 34] . Treating the transition matrix element as a constant during the adsorption process we can write, integrating over the whole optical spectrum:
~ -E Mo, [ a( N,* ) +/%* a(Ns ) ].
a,d
The integral over the light frequency is replaced by a summation over the frequency-weighted magnitude of the p~.mounced transitions (k) in the recorded spectrum [34] . From eqs. (3) and (7) it is evident that electrical and optical techniques measure comparable quantities. Electrical measurements provide the difference between occupied and unoccupied surface states while optical measurements give the total number of surface states. A graphical relation between the optical and electrical parameters which have been acquired during the adsorption of N20 on Si(001)2 × 1 is given in fig. 4 . The original optical data were taken from ref. [10] and have been modified in such a way so as to provide the property of eq.
. The optical parameter is t!~e sum of the differential reflectivity intensity, A R/R, recorded at 2.90 and 3.85 eV photon energy, weighted by the corresponding photon energy h u. The optical data at h u = 3.85 eV correspond with the removal of the Si-Si dimers as the formation of bridge-bonded oxygen proceeds, the accompanying saturation of the dangling bonds is represented by the 2.90 eV data. Also indicated in this figure are the three adsorption stages which were found to be distinguishable for this reaction [10, 12] . The first adsorption stage in fig. 4 consists of the formation of bridge-bonded oxygen on only the dimers, while in the second stage also bridging oxygen is formed by the attachment of the oxygen atoms with the two dangling bonds (D, and Dd) of the first-layer Si atoms of two nearest-neighbour reacted dimers. This site is in line with the orientation of the dimers on the clean s rface and is also called long dimer site (LD) [26] although no actual dimer bond exists. As soon as at least one of the dimers on either side of this LD site has incorporated an oxygen atom in a dimer bridge site the long dimer site is prone to the uptake of an oxygen atom due to a more favourable geometric position position [10, 12] . The rather straight lines in the first two stages in fig. 4 indicate a preferential removal of one donor state [34] , although the rate of change of Y'(AR/R)xhv (summed at the two frequencies) with AG is smaller at stage II. In order to discriminate between the reaction of the actual dimer site DM and the LD site, fig. 5 shows (AR/R) X hv at 2.90 and 3.85 eV photon energ,'; both as a function of the change in total conductance. Fig. 5 shows more clearly that the first stage can be attributed almost solely to a change in the optical transition at 3.85 eV, which is due to a break-up of the (short) dimer bond as the formation of bridging oxygen takes place at this stage. The second stage can be clearly divided in two substages. The first part shows a take-up of oxygen in both DM (curve b) and LD (curve a) site as can be seen from a change in reflectivity at the characteristic transitions. Transitions in surface optics are in general rather broad and an overlap of the 2.90 eV transition with the feature recorded at 3.85 eV is not unlikely. A change in the reflectivity due to the removal of long dimer sites which have a mean energy of 2.90 eV may therefore lead to a notable change in the reflectivity in the region characteristic of the short dimer site around 3.85 eV. This may explain the final part of stage II, where the rate of change of reflectivity at 3.85 eV with AG goes to zero, normally indicating a reduction in the number of short dimer sites attacked by oxygen. At the be- ginning of this second part of stage II already all dimer sites may be completely saturated. The overlap of the two optical transitions may also be the explanation for the small increase seen at 2.90 eV in stage I. It is therefore that stage II can be divided in two substages, the first one characterized by the incorporation of oxygen atoms in both the short and long dimer sites, the latter one by a preference for the long dimer site. The SCM data in figs. 4 and 5 show in stage III a change in the removal from mainly donor to mainly acceptor states. In this stage mainly the LD sites in fig. 3 are liable to ~eact as indicated by the optical parameter related to this site [10, 12] . The small change in the optical parameter at 3.85 eV in fig. 5 may be partly due to the increase of the transition at 2.90 eV in the same way as in the final part of stage II. Whereas the optical data show saturation [10, 12] the surface conductance still decreases a little at high N20 exposures. This result provides supporting evidence for our idea that the optical spectra should be recorded in an energy region broader than was done in the present measurements in order to be compared satisfactorily with SCM measurements. From AES [5] , UPS [24] and EELS [35] measurements, namely, surface states far below the Fermi energy were found to exist for the Si(001)2 × 1 surface. Their removal upon oxygen adsorption will certainly remain undetected within the optical photon energy region used (1.5-4.5 eV [10] ). Not only the removal of surface states will lead to a change in reflection upon adsorption of a gas on the clean surface. States related to the incorporated oxygen atom will have their influence on spectra recorded over a broader energy region as can be deduced from the fact that the imaginary part of the dielectric constant of a silicon-oxide layer can no longer be neglected for photon energies above 4 eV. These oxygen-induced states with rather high binding ,.~nergy have, however, been observed quite well with AES [10] .
Conclusion
SCM shows a clear distiction between the process of molecular and atomic oxygen adsorption on the clean Si(001)2 x 1 surface. The three steps in the adsorption process of atomic oxygen are easily identified by comparing the results of optical and electrical measurements. The first part of the second stage shows clearly the incorporation of oxygen atoms into short as well as long dimer positions. In the second part the long dimer site is clearly more favourable for the uptake of O, indicating that all of the short dimer sites have been transformed into a bridge-bonded oxygen configuration. The atomic oxygen as released by the decomposition of N20 on the Si surface is not able to penetrate the backbond positions. Therefore, not all of the surface states present at the clean surface are removed and a band bending still exists at saturation coverage. In contrast, exposure of the Si(001)2 x 1 surface to molecular oxygen is accompanied by the attack of the backbonds and ultimately leads to the unbending of the band. A value of 0.32 + 0.02 eV for the distance between the valence band edge and the Fermi level could therefore be derived.
